a r t I C l e S Several previous studies have shown that de novo transcription is critical for the consolidation of synaptic plasticity. Isolated dendrites that lack the soma, and hence the nucleus, fail to sustain induced long-term potentiation (LTP) 1 , and application of transcription blockers attenuates the later phases of LTP and long-term depression 2, 3 . Notably, transcription inhibitors block late LTP only if they are applied before or a few minutes after stimulation, indicating that there is a critical temporal window during which they are effective [3] [4] [5] . Together, these observations emphasize the importance of rapid transcription in stabilizing long-term synaptic modifications.
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Rapid transcription of many IEGs is triggered by neuronal activity. Products of several such IEGs can be detected within a few minutes of stimulation and we refer to these as rapid IEGs. One of these genes, Arc, encodes the activity-regulated cytoskeleton-associated protein 6, 7 . Evidence of rapid Arc transcription is well documented; Arc pre-mRNA (unspliced nascent transcript or hnRNA) is detectable at genomic alleles within 2-5 min of an animal's exploration of a novel environment, and newly synthesized mature Arc mRNA is detected in the perikaryotic cytoplasm as early as 15 min 8, 9 . Similarly, elevated levels of Arc mRNA have been documented in the hippocampus within minutes of high-frequency stimulation or spatial learning and in the olfactory cortex after odorant exposure [10] [11] [12] . How is Arc transcription orchestrated so rapidly? One model has posited that action potentials are able to initiate gene transcription in such a short time frame by inducing large influxes of calcium into the cell [13] [14] [15] [16] . This model contrasts with the idea that plasticity triggers synaptic protein translocations, which may not be able to reach the nucleus fast enough to meet the temporal demands of Arc and other IEG transcription 15, 17 .
Classically, transcription is considered to be rate-limited by recruitment of Pol II to form a pre-initiation complex with general transcription factors 18 . However, a noncanonical phenomenon has been described at a growing number of Drosophila and mammalian genes in which Pol II is recruited to un-induced promoters to initiate RNA synthesis, but then stalls after transcribing 20-50 nucleotides 19, 20 . At these genes, efficient release of Pol II into productive elongation requires a specific stimulus such as heat shock 19 . Referred to as promoter-proximal Pol II stalling, this phenomenon has been proposed to poise genes for rapid and synchronous induction [21] [22] [23] [24] . We tested the hypothesis that Pol II stalling is critical for near-instantaneous induction of Arc and other rapid IEGs in response to neuronal activity in mammalian neurons. We propose that such a mechanism would be critical for the precise timing of IEG responses with their respective nuclear and synaptic functions.
RESULTS

TTX withdrawal induces rapid Arc transcription
To study the mechanism underlying rapid transcription of IEGs, we chose the widely studied Arc gene as our model gene and used the tetrodotoxin (TTX) withdrawal method to induce neuronal activity in neuron cultures 25 . This protocol utilizes prolonged treatment of neurons with TTX, a sodium channel blocker, followed by its quick washout to trigger quasi-synchronous neuronal activity (Fig. 1a) . To verify rapid Arc induction, we used a probe directed against the Arc pre-mRNA and performed fluorescent in situ hybridization (FISH) 8 . We detected Arc pre-mRNA in discrete intra-nuclear foci 5 min after TTX washout using TTX-free medium (Fig. 1b) . To quantify the level of Arc pre-mRNA, we designed primers specific to a region spanning the first intron and Transcription of immediate early genes (IEGs) in neurons is highly sensitive to neuronal activity, but the mechanism underlying these early transcription events is largely unknown. We found that several IEGs, such as Arc (also known as Arg3.1), are poised for near-instantaneous transcription by the stalling of RNA polymerase II (Pol II) just downstream of the transcription start site in rat neurons. Depletion through RNA interference of negative elongation factor, a mediator of Pol II stalling, reduced the Pol II occupancy of the Arc promoter and compromised the rapid induction of Arc and other IEGs. In contrast, reduction of Pol II stalling did not prevent transcription of IEGs that were expressed later and largely lacked promoter-proximal Pol II stalling. Together, our data strongly indicate that the rapid induction of neuronal IEGs requires poised Pol II and suggest a role for this mechanism in a wide variety of transcription-dependent processes, including learning and memory. a r t I C l e S second exon. Nascent Arc pre-mRNA levels, as detected with these primers in one-step intron-based real-time PCR (RT-PCR) assays, increased significantly within 2 min of TTX withdrawal and continued to increase with time (P = 0.0051; Fig. 1c ). No such increase was noted when neurons were mock-washed or when TTX-treated neurons were washed with TTX-containing medium (n = 2 each, data not shown). We next tested for changes in mature Arc mRNA levels and found that the levels increased significantly within 10 min of TTX withdrawal and continued to increase steadily thereafter (P = 0.0398; Fig. 1c) . A substantial increase in Arc mRNA was not detected before 10 min after TTX withdrawal, which likely reflects the time required for mRNA maturation. To confirm the viability and functionality of the newly transcribed mRNA, we immunostained neurons for Arc protein 1 h after TTX withdrawal. We found a greater preponderance of Arc in the soma and dendrites of activated neurons compared with neurons left in TTX (Fig. 1d) . Taken together, these data indicate that TTX withdrawal induces rapid de novo transcription of Arc in neurons in minutes and this induction closely recapitulates the temporal features of rapid Arc induction in vivo 8, 10 .
Pol II is poised in proximity of the Arc transcription start site The C-terminal domain (CTD) of Rpb1, the largest subunit of eukaryotic RNA Pol II, consists of a tandemly repeated heptapeptide sequence (Y 1 S 2 P 3 T 4 S 5 P 6 S 7 ) containing up to five potential posttranslational phosphorylation sites 26 . To detect stalled and poised Pol II in the vicinity of the Arc promoter, we conducted chromatin immunoprecipitation (ChIP) assays on unstimulated neurons using three different antibodies to Rpb1 (Fig. 2) : a monoclonal antibody to the N-terminal region of Rpb1 that can detect Pol II irrespective of the phosphorylation state of the Pol II CTD (M01), a monoclonal antibody that detects Rpb1 with an unphosphorylated or hypophosphorylated CTD (8WG16), and a polyclonal antibody that detects Rpb1 with phosphorylation at the serine 5 residue (pSer5) of the CTD. Ser5 is phosphorylated during transcription initiation and is a hallmark of polymerase stalling 23 . DNA obtained from immunoprecipitation with these antibodies was subjected to real-time PCR amplification using primers targeting nine different regions of the Arc promoter and gene body (Fig. 2a) . Primer pair 4, centered at +24 base pairs with respect to the Arc transcription start site (TSS), revealed a substantial enrichment of Pol II detected with all three antibodies (Fig. 2b) . This enrichment was pronounced in comparison to either the upstream promoter region (primer pairs 1-3) or the gene body (primer pairs 5-9), suggesting that Pol II recruited to the Arc TSS stalls in the proximity of the promoter rather than being released into the gene. As a control, we also probed the TSS of glial fibrillary acidic protein (Gfap), an astroglia-specific gene that remains silent in neurons. Pol II enrichment was not detected near this gene by any of our antibodies (data not shown).
To substantiate Pol II enrichment further, we carried out highthroughput sequencing (ChIP-seq) with M01-immunoprecipitated material to determine the genome-wide distribution of Pol II in rat neurons. The M01 antibody was used to avoid any bias for particular Rpb1-CTD phosphorylation status. Consistent with our findings using ChIP assays, this technique also revealed a discernable enrichment of Pol II near the Arc TSS (Fig. 2c) . No such enrichment was found near the TSS of the non-neuronal gene Gfap or the activityinsensitive, constitutively expressed sodium channel gene Scn2a1.
Pol II is stalled irrespective of spontaneous neuronal activity We next wondered whether spontaneous network activity was responsible for Pol II enrichment. The basal level of Arc expression in cultured neurons was reduced significantly after neuronal activity was blocked with TTX, d(-)-2-amino-5-phosphonovaleric acid (AP5, an NMDA receptor antagonist), or both (P = 0.04, 0.03 and 0.001 for TTX, AP5 and both, respectively; Supplementary Fig. 1a) . However, even when neuronal activity was blocked and Arc mRNA levels were low, TSS-specific enrichment of Pol II was retained ( Supplementary  Fig. 1b) . Enrichment in these cases was not significantly different from the enrichment in untreated neurons (P = 0.057), indicating that stalling is maintained at the Arc promoter irrespective of the spontaneous level of neuronal activity.
To further corroborate this finding, we determined whether any epigenetic signatures on the Arc promoter were altered by spontaneous neuronal activity. Tri-methylation of histone H3 at lysine 4 (H3K4.3me) and acetylation of H3 at lysine 9, two epigenetic signatures associated with stalled polymerase 27 , were detected around the Arc TSS in untreated cells and after prolonged TTX treatment ( Supplementary  Fig. 1c,d) . ChIP with antibody to H3 revealed no convincing alteration in the nucleosome population in TTX-treated cells with respect to untreated control cells (Supplementary Fig. 1e ). These data indicate a r t I C l e S that transcription-related histone marks are maintained at the Arc promoter even during low levels of network activity.
Activity mobilizes stalled Pol II into productive elongation
To study the immediate effects of activity on the stalled Pol II, we induced TTX-treated neurons to fire for various times and reassessed Pol II enrichment at the Arc TSS. A significant drop in promoterproximal Pol II was recorded after 2 min of activity, which probably indicates the release of stalled Pol II into the gene body (Fig. 3a) . Pol II levels increased shortly thereafter, likely reflecting recruitment of additional Pol II to support multiple rounds of RNA synthesis (Fig. 3a) .
To verify the escape of polymerase into the productive elongation phase of Arc, we performed Pol II ChIP using primers that targeted each of the three Arc exons. As expected, Pol II levels were significantly increased in the distal gene body by 5 min after TTX washout (P = 0.0194; Fig. 3b ). Within 10 min of TTX washout, a significant increase was observed in all three exons (Fig. 3b) . To further verify that Pol II in the gene body was fully elongation competent, we examined the phosphorylation status of the Ser2 residue of the Pol II CTD, as phosphorylation of Ser2 facilitates the transition of Pol II to productive elongation 28 . Using a monoclonal antibody to Rpb1 pSer2-CTD (H5), we found that TTX washout induced an increase of transcriptioncompetent Pol II in the Arc exon 3 (Fig. 3c) . This increase was sensitive to flavopiridol, a potent inhibitor of the kinase responsible for the phosphorylation of Serine2 residue, the positive transcription elongation factor B 29 ( Fig. 3c) . Consistent with known mechanisms of transcription, flavopiridol-mediated inhibition of positive transcription elongation factor B led to a marked loss of rapid Arc induction ( Supplementary  Fig. 2 ). Taken together, these data support the hypothesis that activityinduced Arc transcription is facilitated by Pol II stalling and involves the rapid release of stalled Pol II downstream into the gene.
Stalling is mediated by negative elongation factor
Negative elongation factor (NELF), a four-subunit complex that binds to Pol II (NELF-A, NELF-B, NELF-C/D and NELF-E) 30 , mediates Pol II stalling in non-neuronal cells 31, 32 . To test for a connection between NELF and Pol II stalling at the Arc TSS, we performed ChIP with antibodies to NELF-A and NELF-E (also called RNA-binding protein RD). Both NELF subunits were enriched at the Arc TSS in untreated neurons (Fig. 4a,b ) and in TTX-treated cells (n = 3, data not shown), indicating that the NELF complex coexists in this region with stalled Pol II. Co-immunoprecipitation experiments confirmed their association ( Supplementary Fig. 3a,c) . Enrichment of NELF-A at the Arc TSS was reduced significantly after TTX withdrawal (P = 0.026; Supplementary Fig. 3b ). This is consistent with previous data demonstrating dissociation of NELF during release of Pol II from stalling 32, 33 . Notably, this decrease in NELF binding to Pol II was not observed globally ( Supplementary Fig. 3a) .
To further examine NELF in Pol II stalling in neurons, we depleted NELF-A and NELF-E using lentivirus-delivered short hairpin RNA (shRNA). After 7 d of infection, neurons with Nelf-a (also known a r t I C l e S as Whsc2) shRNA showed a 70% decrease in Nelf-a mRNA and a substantial loss of NELF-A protein compared with neurons with scrambled shRNA (Fig. 4c,d) . Similarly, Nelf-e (also known as Rdbp) shRNA treatment knocked down Nelf-e mRNA by approximately 90% and reduced NELF-E protein expression accordingly (Fig. 4c,e) . Because network neuronal activity on TTX withdrawal is critical for Arc induction, we tested whether NELF depletion had any effect on the physiological health of the neurons. Depletion of NELF-A or NELF-E did not interfere with excitatory synaptic function, as measured by miniature excitatory postsynaptic current (mEPSC) amplitudes and frequencies, nor were the resting membrane potentials or input resistances affected ( Supplementary Fig. 4a-e) .
At the Arc promoter, depletion of NELF-A or NELF-E significantly reduced promoter-proximal Pol II enrichment in both untreated-and TTX-treated conditions (data not shown, n = 3 for NELF-A and n = 2 for NELF-E; P = 0.034 and 0.041 for NELF-A and NELF-E, respectively). This loss of Pol II with NELF depletion is consistent with genome-wide studies in Drosophila 24 and indicates that Pol II stalling at the Arc promoter is contingent on the inhibitory effects of NELF. Furthermore, NELF-A and NELF-E knockdown reduced tri-methylation of histone H3 lysine 4 near the Arc TSS, indicating a loss of transcriptional permissiveness of the promoter (Fig. 4f) .
Reduction of Pol II stalling prevents rapid Arc transcription To study the relationship between rapid Arc transcription and stalled Pol II, we examined gene induction in NELF-depleted cells. As expected, we detected significantly increased levels of pSer5 Pol II in the Arc gene body 5 min after TTX withdrawal in neurons treated with scrambled shRNA (P = 0.0194; Fig. 4g ). We did not detect any such increase in the NELF-A-depleted neurons, indicating a lack of active Arc transcription 5 min after TTX washout (Fig. 4g) . This was further reflected by a lack of induced Arc pre-mRNA 5 min after TTX washout in NELF-A-or NELF-E-depleted neurons when compared with neurons infected with scrambled shRNA (Fig. 4h) . To confirm the specificity of our shRNA further, we performed similar experiments with an alternative shRNA (Nelf-a shRNA2) that reduced NELF-A mRNA by approximately 65% and significantly compromised induction of Arc at 5 min after neuronal activity (P = 0.0034; Supplementary Fig. 5a ). To further implicate NELF in rapid Arc induction, we generated a shRNA-insensitive NELF-E that was cloned into the viral backbone expressing the Nelf-e shRNA ( Supplementary  Fig. 5b ). Using this construct, which simultaneously knocked down endogenous NELF-E and expressed shRNA-insensitive NELF-E, we achieved a 55% rescue of Arc gene induction ( Supplementary  Fig. 5c ). A full recovery was not necessarily expected, as previous experiments have failed to completely recover the NELF complex, likely because NELF subunits are mutually regulated 34 . Consequently, re-establishment of one subunit after its knockdown does not appear to generate normal levels of other subunits and cannot fully revive the NELF multi-protein complex efficiently 34 (Supplementary Fig. 5d) .
Finally, we quantified mature Arc mRNA levels 15 and 45 min after TTX washout in NELF-A-or NELF-E-depleted neurons. At 15 min past TTX washout, NELF depletion with any of the three shRNAs resulted in a comparable significant reduction of Arc induction (P = 0.0001, 0.008 and 0.003 for two Nelf-a and the Nelf-e shRNA, respectively; Fig. 4i and Supplementary Fig. 5e ). By 45 min after washout, transcription was able to overcome kinetic delays induced by lack of Pol II stalling in NELF-A-depleted cells, but remained significantly reduced in NELF-E-depleted cells (P = 0.033). This disparity likely stems from the differences in silencing efficiencies of the different shRNAs. Together, these data indicate that rapid transcription of Arc at very early time points is contingent on NELF-mediated Pol II stalling.
Identifying other IEGs
To identify other IEGs that are upregulated by the TTX withdrawal protocol, we conducted global gene expression analysis using a r t I C l e S microarrays. Array intensities of samples collected 15 and 45 min after TTX washout were compared with their corresponding control. From this genome-wide screen, we identified 49 annotated genes that showed a twofold or more increase in their mRNA levels by 45 min after TTX washout (P < 0.01; Fig. 5a ). In many instances, we validated the microarray data with quantitative RT-PCR using oligo-(dT) primers (Supplementary Table 1) . Among these 49 genes, we detected twofold or more expression changes in some of them very soon after TTX withdrawal (14 genes, 15 min after TTX withdrawal), whereas upregulation of other RNAs were detected only later (45 min after TTX withdrawal). Notably, expression of Mbnl2 and Arih1 dropped at the later time point despite crossing the twofold threshold 15 min after induction, but the expression of all other rapid IEGs remained above the twofold threshold over time (Fig. 5a) .
Because microarrays detect mature mRNA, we next investigated whether some genes might have their rapid transcription masked by mRNA processing efficiency. We performed one-step RT-PCR assays, which use primers directed at the nascent transcripts instead of using the generalized oligo-(dT) primers and can detect immature transcripts that lack 3′-polyadenylation. We designed intron-based primers for intron-containing genes and against the exon of six genes lacking introns. These primers were used to assess any change in the transcript levels of these genes at 5 min after TTX washout. We found that 8 out of the 35 genes showed twofold or more upregulation at this time point (Fig. 5b) . To determine whether these differences in induction kinetics were related to Pol II pausing, we grouped these genes into two classes: those in which a significant (twofold) change of transcript was detected early (22 genes), which we refer to as rapid genes, and those in which significant upregulation was only detected later, which we refer to as delayed genes (27 genes; Fig. 5c and Supplementary Table 1 ).
Rapid IEGs have stalled Pol II
We next investigated the distribution of Pol II at rapid and delayed IEG promoters using our genome-wide ChIP-seq data. To determine which promoters were occupied by significant levels of Pol II above the background, we compared ChIP-seq reads mapping nearly all of the rat promoters (28,117 non-redundant promoter regions, ±200 bp) with 11,426 size-matched intergenic regions. This comparison revealed that 8,015 rat promoters had substantial Pol II signal and we refer to them as bound. We refer to the remaining promoters as unbound. Such unbound promoters were prevalent among delayed IEGs, with only 5 of the 27 genes bound by Pol II in unstimulated neurons. This fraction is comparable to the fraction of bound genes genome wide (Fig. 6a) . In contrast, 20 out of 21 annotated rapid IEGs were bound before stimulation (Fig. 6a) . This indicates that rapid IEGs are primarily characterized by the presence of pre-loaded Pol II in their promoter. The promoter of the 22nd rapid IEG (Egr4) could not be assessed as it remains unsequenced (2004 Baylor3.4/rn4).
Among bound genes, Pol II could either be distributed over the gene body with no enrichment at the promoter or be enriched proximally to the promoter, indicating stalling (see Scn2a1 versus Arc in Fig. 2c) . In an attempt to quantify stalling in bound promoters, we computed a promoter-proximal stalling index for all rat genes (see Online Methods). The index, based on definitions described previously for identification of stalling genome-wide, is a ratio between the density of Pol II ChIP-seq 'reads' near the annotated TSS of a gene and the read density in the gene body 24 . This ratio is low for genes that have uniform distribution of Pol II in the gene body in addition to the promoter and is high in genes that experience slower, regulated release of stalled Pol II. The stalling indices for all bound genes were distributed between 0.23 and 64 (Supplementary Fig. 6 ). When we compared the stalling indices of bound rapid IEGs with those of all bound genes using nonparametric statistics, we found that the stalling indices of rapid IEG were significantly higher (P = 0.018; Fig. 6b) . These results support our hypothesis that rapid IEGs are characterized by promoter-proximal stalling. ChIP-seq data demonstrating promoterproximal stalling in three representative rapid IEGs (Dusp6, Gadd45g and Ier2) are illustrated along with two unbound (Egr3 and Cox2) and a r t I C l e S one bound delayed IEG (Nr4a2, also known as Nurr1) in Figure 6c . Unfortunately, the small sample size of bound delayed IEGs prevented us from performing any meaningful statistical comparison between them and bound genes genome-wide. Nevertheless, because Pol II binding is a prerequisite of stalling, and most delayed IEGs were unbound, we infer that delayed IEGs typically are characterized by a lack of Pol II stalling.
To further implicate promoter-proximal stalling in the rapid IEG response, we examined enrichment of NELF in the promoters of several rapid IEGs with NELF-E ChIP. Enrichment of this stalling factor was detected in the promoters of several rapid IEGs (Fig. 6d) . Among these promoters was the promoter for Egr1 (also known as Zif268), the single rapid IEG that had a low stalling index, as revealed by the M01 ChIP-seq (Supplementary Fig. 6 ), and Egr2 (also known as Krox20), the unbound rapid IEG. We also examined the enrichment of Pol II in the promoters of these rapid IEGs using two alternative Pol II antibodies (8WG16 and antibody to pSer5 CTD; Fig. 6e ). Using the same primer pairs that detected NELF-E enrichment, chromatin immunoprecipitated with 8WG16 also revealed significant Pol II abundance near the TSSs of Dusp6, Gadd45g, Ier2 and, notably, Egr1. This observation is consistent with 8WG16 ChIP-seq data from an independent study using mouse neurons 35 . 8WG16, however, failed to identify any stalling in Egr2, the unbound rapid IEG. Nevertheless, primers spanning the annotated TSS of this unbound rapid IEG showed substantial Pol II enrichment when the antibody to the pSer5 epitope was used (Fig. 6e) . However, neither the two antibodies to Pol II nor the antibody to NELF-E detected any enrichment of either protein near the TSS of representative delayed IEGs (Egr3, Cox2 or Nr4a2; Fig. 6d,e) .
Taken together, these data indicate that promoter-proximal Pol II stalling is associated with all 21 sequenced rapid IEGs, as defined by the enrichment of Pol II and NELF and detected by at least one Pol II antibody. In contrast, considering that more than 70% of the delayed IEGs were unbound and all of the tested 
Induction of rapid IEGs is sensitive to NELF knockdown
To study the effect of Pol II stalling on transcription of rapid IEGs, we determined induction of several such IEGs 5 min after TTX washout by assessing expression of their pre-mRNA in neurons with normal and depleted levels of NELF-A or NELF-E. Expression of every tested rapid IEG was compromised at this time point in NELFdepleted cells (Fig. 7a) . Similarly, rapid IEG mature mRNA levels at 15 min after TTX washout were also markedly reduced in NELF-Adepleted conditions (Fig. 7b) . However, NELF-A RNAi had no effect on the induction of rapid IEGs or delayed IEGs at 45 min after activity onset (Fig. 7c) , suggesting that stalling is critical for the immediate onset of rapid IEG induction, but not the steady-state accumulation of mRNA over time.
Notably, Egr4, a gene with an unsequenced promoter, showed compromised immediate early transcription following depletion of NELF subunits. Thus, Pol II enrichment may be found near the Egr4 TSS once the region is sequenced.
Promoter proximal Pol II enrichment is detected in the brain To extend our findings to brain tissue and to rule out potential artifacts related to the neuron culture preparation, we performed Pol II M01 and NELF-A ChIP using brain samples comprising the cortex and hippocampus. We found substantial enrichment of Pol II and NELF-A near the TSS of Arc and two other rapid IEGs (Dusp6 and Gadd45g; Fig. 8a,b) . Such enrichment was not noted in the delayed IEGs Cox2 and Egr3 (Fig. 8a,b) .
To test whether Pol II stalling correlates with rapid induction of genes in the brain, we exposed rats to a novel environment for 5 min. This exposure resulted in significant upregulation of Arc, Dusp6 and Gadd45g transcription within 5 min in the cortex (P = 0.017, 0.002 and 7.27 × 10 −5 for Arc, Dusp6 and Gadd45g, respectively; Fig. 8c,d) . This is consistent with previous reports of Arc upregulation in the hippocampus 8 a r t I C l e S not note any significant upregulation of either Cox2 or Egr3 (Fig. 8d) . The same treatment significantly induced Egr3 at later time points (45 min and 2 h, P = 0.006 and 0.0196, respectively; data not shown). These data rule out the possibility of Pol II stalling being an artifact of neurons in culture and provide evidence that this phenomenon occurs in the brain.
DISCUSSION
We made three observations that support a role for poised Pol II in neuronal activity-induced rapid transcription. First, using genomewide screens, we found that Pol II is enriched in the proximity of the promoters of Arc and all other testable rapid IEGs. Second, with NELF RNAi, we found that rapid induction of Arc and other rapid IEGs is dependent on Pol II stalling. Finally, delayed IEGs, which are expressed only later, lacked Pol II stalling in most instances and remained unaffected by NELF RNAi. Thus, our evidence supports the idea that rapid IEGs are a specialized subset of genes poised for an immediate response mediated by Pol II stalling. Also, because transcription is initiated before the onset of action potential triggers, their expression is likely rate-limited by transcription elongation.
Evidence that Pol II stalling confers a kinetic advantage on transcription of rapid IEGs comes from experiments in which we depleted components of the NELF complex and found the onset of transcription after TTX withdrawal to be substantially slower. Notably, this effect was specific for the rapid response of transcription to activity, as NELF depletion did not interfere with the health of the neurons or impair the function of the transcription machinery. This idea is supported by the gradual accumulation that we observed of Arc and other rapid IEG transcripts over time in control and NELF-depleted cells. Note that NELF depletion has been found to both enhance and suppress expression of several genes 36, 37 . In our experiments, NELF RNAi resulted in the loss of active chromatin marks on the Arc promoter, attenuation of Pol II stalling and compromised induction of all of the tested rapid IEGs. This includes cfos, which is upregulated by NELF-E depletion in an immortalized non-neuronal human cell line 38 . This difference may be a result of cell type-specific regulatory mechanisms and warrants further analysis.
We propose that the presence of stalled Pol II primes an entire group of rapid IEGs for rapid transcription (Supplementary Fig. 7) . Although the initiation step of transcription is a time-consuming process, genes with stalled polymerase already possess active chromatin marks, are pre-loaded with general transcription factors and harbor engaged polymerase that waits in the promoter-proximal region for an activity-induced signal that likely involves calcium 39 . Our data suggest that neuronal activity triggers recruitment of PTEF-b to the rapid IEGs, allowing for rapid phosphorylation of the polymerase CTD and release of Pol II into these genes 40 . Once the initial round of RNA synthesis has occurred, additional Pol II can be rapidly recruited, making use of the already established transcription scaffold and permissive chromatin architecture. Most delayed IEGs, however, lack stalled Pol II near their promoters and are expressed with relatively slower kinetics than those of rapid IEGs. The extra time is likely required for transcription factor and Pol II assembly. Taken together, the presence of stalled Pol II at all rapid IEGs and its absence at most delayed IEGs suggest that the Pol II stalling mechanism is involved in rapid gene transcription (Supplementary Fig. 7 ). These findings are consistent with a recent study in murine macrophages that found Pol II stalling at immediate early inflammatory genes, but not at genes with slower induction kinetics 33 .
What is the functional importance of poised Pol II in neurons? In the absence of stalling, only the immediate transcription of several rapid IEGs was affected, suggesting that Pol II stalling would be most pertinent in regulating the precise timing and dynamics of gene responses. Well-timed responses may act to replenish a dendritic mRNA pool that is rapidly exhausted during local translation 41 . In addition to genes, Pol II stalling may have a role in transcription of other molecules, such as the recently discovered RNA transcribed from enhancers, eRNA 35 . Moreover, stalling might permit a temporally coordinated response to neuronal activity that can achieve distinct roles in brain development and function. Several rapid IEGs, being transcription factors, likely regulate successive waves of gene expression. Others, such as Arc, may reinforce synaptic events before decay of synaptic tags 42 . This diverse array of functions could be triggered by a single signaling pathway that targets the release of stalled Pol II 21 . If a single learning event triggers such a pathway, then the poised Pol II mechanism is expected to facilitate all the downstream events leading up to, for example, consolidation of learning. These are exciting possibilities that require further testing.
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